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Esther T. Stoeckli,§ Peter Sonderegger,† cules (Bruemmendorf and Rathjen, 1993; Burden-Gulley
and Lemmon, 1995). This is especially true for membersG. Elisabeth Pollerberg,‡ and Lynn T. Landmesser*
of the immunoglobulin/fibronectin type III superfamily*Department of Neurosciences
(Ig/FNIII) of CAMs, which have been shown to play im-Case Western Reserve University
portant roles in axon growth, neurite fasciculation, andCleveland, Ohio 44106–4975
cell–cell contact (Rathjen, 1991; Sonderegger and Rath-†Institute of Biochemistry
jen, 1992).University of Zurich
In a previous in vivo study, we showed that cell–cellCH-8057 Zurich
interactions mediated by axonin-1, NgCAM, and NrCAM,Switzerland
three members of the Ig/FNIII family of CAMs, were‡Max-Planck Institute for Developmental Biology
important for the normal development of commissuralD-72076 Tuebingen
axon trajectories in the embryonic chick spinal cordGermany
(Stoeckli and Landmesser, 1995). Both axonin-1 and
NgCAM, which are expressed on commissural axons,
were found to enhance the fasciculation of commissuralSummary
axons; this limited the width of their ipsilateral trajectory
and contributed to the formation of a compact fiber tractAxonin-1 and NrCAM were previously shown to be
closely apposed to the floor plate as they ascended
involved in the in vivo guidance of commissural growth
rostrally on the contralateral side. Axonin-1, but not
cones across the floor plate of the embryonic chicken NgCAM, was found to be required for the guidance of
spinal cord. To further characterize their role in axon the growth cones across the midline. The evidence sug-
pathfinding, we developed a two-dimensional cocul- gested a transinteraction between axonin-1 on the
ture system of commissural and floor-plate explants growth cone and NrCAM on the floor plate for this path-
in which it was possible to study thebehavior of growth finding step. Thus, these observations supported the
cones upon floor- plate contact. Although commis- hypothesis proposed earlier (Rathjen and Jessell, 1991)
sural axons readily entered the floor plate under con- that different combinations of interactions between
trol conditions, perturbations of either axonin-1 or members of the Ig/FNIII family could mediate distinct
NrCAM interactions prevented the growth cones from functions during the formation of neural connections.
entering the floor-plate explants. The presence of anti- At present, several models for the guidance of com-
axonin-1 resulted in the collapse of commissural missural axons across the midline have been suggested
growth cones upon contact with the floor plate. The (Stoeckli and Landmesser, 1995; for general review, see
perturbation of NrCAM interactions also resulted in Colamarino and Tessier-Lavigne, 1995). They all have in
an avoidance of the floor plate, but without inducing common that the contact between commissural growth
growth-cone collapse. Therefore, axonin-1 and NrCAM cones and the floor plate is an important step in path-
are crucial for the contact-mediated interaction be- finding. Since the results of our in vivo study had shown
tween commissural growth cones and the floor plate, that an interaction between growth-cone axonin-1 and
which in turn is required for the proper guidance of the floor-plate NrCAM was crucial for guidance of commis-
axons across the ventral midline and their subsequent sural axons across the midline, we wanted to study the
rostral turn into the longitudinal axis. proposed axonin-1–NrCAM interaction during growth
cone–floor plate contact in more detail. We therefore
developed a two-dimensional coculture system of com-
missural neurons and floor-plateexplants. This was nec-Introduction
essary because it was not possible to visualize growth-
cone encounters with the floor plate with sufficientThe establishment of connections between neurons and
resolution in either the living embryo or in the three-their target cells is a crucial step in the development of
dimensional collagen gel matrix system (Ebendal andthe nervous system. The precise mechanisms by which
Jacobson, 1977; Lumsden and Davies, 1983) used bygrowth cones find their way through the preexisting tis-
others to study commissural pathfinding (Tessier-sue are not yet fully understood. However, based on
Lavigne et al., 1988; Placzek et al., 1990). Using ourtheir temporal and spatial expression pattern, cell adhe-
system for time-lapse video microscopy, we found thatsion molecules (CAMs) have been purported to play an
antibodies against either axonin-1 or NrCAM preventedimportant role in the pathfinding of developing axons
commissural growth cones from entering floor-plate ex-(Goodman and Shatz, 1993; Burden-Gulley and Lem-
plants, which they readily did under control conditions.mon, 1995; Goodman, 1996). Extensive in vitro studies
However, the detailed cellular mechanisms differed;have revealed an increasingly complex pattern of poten-
while anti-axonin-1 antibodies induced the collapse oftial interactions between the various cell adhesion mole-
commissural growth cones upon contact with the floor-
plate explant, anti-NrCAM antibodies prevented the
growth cones from entering the floor-plate explants§Present address: Department of Anatomy, University of California
San Francisco, San Francisco, California 94143–0452. without inducing their collapse.
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Results
The Chemoattraction of the Commissural Axons
toward the Floor Plate Occurs in a
Two-Dimensional Culture System
To visualize individual growth cones before and during
contact with the floor plate, we established a culture
system wherein floor-plate explants were placed be-
tween 150 and 400 mm away from commissural neuron
explants on a laminin substratum in a serum-free me-
dium (see Experimental Procedures for details). Since
it has been shown that the roof plate can interfere with
commissural axon outgrowth (Placzek et al., 1990; Sera-
fini et al., 1994), we made roof plate–free commissural
explants by removing only small portions of dorsolateral
spinal cord from transverse vibratome sections of the
lumbosacral level of stage 20–21 spinal cords. At this
stage of development, the region removed contains pri-
marily commissural neuron cell bodies, and while some
will have initiated axons, few, if any, will have contacted
the floor plate (Stoeckli and Landmesser, 1995). Thus,
our observations in culture were made on naive commis-
sural axons that had not yet made contact with floor-
plate cells. This is important, since one of the models
to explain commissural growth-cone behavior at the
midline postulates a floor plate–mediated alteration in
the molecular properties of the commissural axons
(Stoeckli and Landmesser, 1995). To ascertain that we
were in fact removing the commissural cell bodies by
this procedure, we cultured some of the slices used for
an additional 24 hr. Figure 1a shows that during this
culture period commissural neurons on the control side
(left) had extended axons (arrowheads) to the floor plate,
along the characteristic commissural trajectory. How-
ever, this trajectory was completely absent on the right
side, from which the region containing the commissural
cell bodies had been removed.
When cultured alone in floor plate–conditioned me-
dium for 18 to 21 hr on a laminin substratum, commis-
sural explants extended axons in a radial fashion (Figure
1b). The explant shown in Figure 1b was stained with
an anti-neurofilament Mab, 1E9, which we routinely used
to visualize the trajectory of the axons. However, we
also confirmedthat thecommissural axons in ourculture
conditions expressed axonin-1 and NgCAM (not shown)
as they do in vivo (Shiga and Oppenheim, 1991; Stoeckli
before fixation to allow commmissural axon growth. During this
time, the neurons left in place produced axons (arrowheads), which
reached the floor plate. Note the absence of commissural fibers
from the right half of the spinal cord. An anti-neurofilament antibody,
1E9, was used to stain all neurites. Motoneurons are marked with
asterisks. Although the commissural explants were capable of radial
neurite extension in the absence of floor-plate explants (not shown)
or in floor plate–conditioned medium (b), axons extended almost
Figure 1. The Chemoattractive Effect on Commissural Axonsexclusively toward the floor-plate explants when commissural and
Emerging from Floor-Plate Explants Is Also Found in a Two-Dimen-floor-plate explants were cocultured (c). Note that the presence of
sional Culture Systema second commissural explant (b) has no effect on the number or
Commissural explants were taken from transverse vibratome sec-direction of commissural neurites extending from the neighboring
tions of embryos from stages 20–21 prior to floor-plate contact ofexplant. Commissural neurite growth in the absence of floor-plate
commissural axons (see Experimental Procedures for details). Inexplants and without floor plate–conditioned medium was sparse,
the slice seen in (a), commissural neurons were taken from the rightand the length of the neurites was considerably shorter (data not
half of the spinal cord only. The slice was kept in culture for 24 hrshown). Scale bar: 250 mm in (a), 160 mm in (b) and (c).
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not interfere with the ability of commissural axons toTable 1. Proportion of Commissural Neurites Extending toward
the Floor-Plate Explant cross the midline by growing through the floor plate
(Stoeckli and Landmesser, 1995).% Neurites toward
In sharp contrast, commissural axons did not growCondition Floor Plate (6 SEM)
into floor-plate explants in the presence of either anti-
Commissural explants only 24.9 6 2.6a (n 5 7)
axonin-1 (Figures 2b and 2f) or anti-NrCAM antibodiesCommissural explants with explants 26.9 6 4.9 (n 5 7)
(Figures 2c and 2g). They were found to either stall onother than floor plate
the laminin substratum near the floor-plate boundaryCommissural explants with floor 83.7 6 2.1 (n 5 22)
plate explants in absence of or to grow around the floor-plate explants (asterisks
antibodies indicate the border of the floor plate in Figures 2f and
Commissural and floor plate 73.9 6 7.3 (n 5 4) 2g). The same effect was seen when purified soluble
explants in presence of
axonin-1 was added to the culture medium (Figure 2d).anti-NgCAM antibodies
Soluble axonin-1 would be expected to bind to andCommissural and floor plate 87.3 6 3.1 (n 5 5)
saturate any receptors for axonin-1 on the floor-plateexplants in presence of
anti-axonin-1 or anti-NrCAM cells, and thus would prevent axonin-1 on the growth
antibodies cones from interacting with molecules on the floor-plate
Commissural and floor plate 88.0 6 2.7 (n 5 6) surface (Stoeckli et al., 1991; Stoeckli and Landmesser,
explants in presence of soluble
1995). Thus, consistent with the in vivo perturbationsaxonin-1
(Stoeckli and Landmesser, 1995), interfering with either
a In control wells that did not contain floor-plate explants, one axonin-1 on the commissural axons or with NrCAM on
quadrant was chosen randomly. The percentage of neurites the floor plate prevented the axons from entering the
in this quadrant was calculated as a proportion of all neurites.
floor plate. The quantitative data, shown in Table 2,
indicate that this effect was close to 100%. This con-
trasts with the in vivo study (Stoeckli and Landmesser,
and Landmesser, 1995). When cultured without floor 1995), in which we never observed .50%of the commis-
plate and in the absence of floor plate–conditioned me- sural axons failing to enter the floor plate and making
dium, the commissural explants extended much shorter an erroneous turn on the ipsilateral side of the spinal
and fewer axons (not shown). In striking contrast to cord. Although the commissural axons did not grow into
the radial outgrowth of commissural explants cultured the floor-plate explants in the presence of anti-axonin-1,
alone, when cultured with floor plate, most of the axons anti-NrCAM, or soluble axonin-1, the chemotropic effect
showed a strong directional preference to grow toward of the floor plate was not altered (Table 1); .80% of the
the floor plate. In the example shown (Figure 1c), almost axons still showed directional growth toward the floor-
all the axons can be seen emerging from the side of the plate explant.
commissural explant facing the three floor-plate ex-
plants (asterisks). This data is presented quantitatively
in Table 1. In the absence of a floor-plate explant, axons Time-Lapse Video Imaging of Encounters
Between Commissural Growth Conesgrew randomly from the commissural explant with the
expected approximate 25% in each randomly chosen and Floor Plate
The finding that growth cones stalled and did not growquadrant. In contrast, when cultured with floor plate,
.80% of the axons emerged from the explant in the into floor-plate explants in the presence of axonin-1 or
anti-axonin-1 antibodies was reminiscent of observa-quadrant facing the floor plate. We conclude that even
without a collagen gel matrix (Tessier-Lavigne et al., tions made in vivo, where growth cones oftenwere found
lined up at the ipsilateral border of the floor plate follow-1988), the floor plate is able to exert a chemoattractive
effect on the commissural axons. Thus, similarly to the ing similar perturbations (arrows in Figure 3a). To better
define the cellular basis for this apparent avoidance ofsituation in vivo (Yaginuma and Oppenheim, 1991), the
growth cones would be responding to the diffusible the floor plate, we observed the axons with time-lapse
video microscopy. Following incubation of cocultureschemoattractants, the netrins, as they approached and
made contact with the floor plate. for 6–8 hr, we selected cultures where axons were elon-
gating toward but had not yet contacted the floor plate.
These were placed on a heated microscope stage (seeIngrowth of Commissural Axons into Floor-Plate
Explants Is Prevented by Soluble Axonin-1, Experimental Procedures), and time-lapse recordings
were made by capturing a frame every 6 s for 18–30 hr.by Anti-Axonin-1, and Anti-NrCAM, but
Not by Anti-NgCAM Antibodies We usually observed a temporary decrease in axonal
growth rates. This temporary decrease in growth rate,When commissural neurons were cultured with floor-
plate explants, extensive axon growth toward and into but not in growth cone motility, most likely occurred
because the manipulations required to prepare the cul-the floor-plate explants was always seen (Figures 1c,
2a, and 2e). Virtually all of the axons emerging from ture for time-lapse video microscopy disrupted the gra-
dient of secreted floor plate–derived trophic/tropic fac-the commissural explant entered the floor-plate explant.
This also occurred when the cocultures were treated tors that attracted axons to the floor-plate explant (see
Experimental Procedures for details).with anti-NgCAM antibodies, as shown in Figure 2h,
where the floor-plate explant comprises the entire field In the presence of floor plate or floor plate-condi-
tioned medium, commissural axons grew quite well onof view. This observation is consistent with previous in
vivo observations, where injections of anti-NgCAM did a laminin substratum. Their growth cones sometimes
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Figure 2. Perturbation of Axonin-1 and
NrCAM Interactions Prevent Commissural
Growth Cones from Entering the Floor Plate
In control cultures of commissural (C) and
floor-plate explants (FP), axons were at-
tracted toward the floor-plate explants and
entered them (a and e). If anti-axonin-1 (b and
f) or anti-NrCAM antibodies (c and g) were
added to the culture medium, commissural
axons no longer entered the floor-plate ex-
plants, but were found to stall and pile up, or
to grow around the explants. The same effect
was seen if soluble axonin-1 (d) was added
to the culture medium. Anti-NgCAM antibod-
ies (h) did not prevent the commissural
growth cones from entering the floor-plate
explants. The asterisks in (f) and (g) mark the
floor-plate border. Floor-plate cells fill the en-
tire view field in (e) and (h). In (g), two floor-
plate explants are in close proximity (one
from the upper right corner, the other from
the lower left corner of the micrograph). Note
that the commissural axons navigate around
the floor-plate explants without entering ei-
ther one of them. Scale bar: 100 mm in (a)–(d),
20 mm in (e)–(h).
had lamellipodia, but mostly they tended to be more where growth cones extending toward the floor plate
had only few or no filopodia. We found in our culturesfilopodial in shape (Figure 3b). This is consistent with
reports of commissural growth cone morphology in vivo that in addition to the filopodia emerging from thegrowth
cone body, the axons sent out long filopodial extensionsby Yaginuma et al. (1991), but differs from observations
made in the rat spinal cord (Bovolenta and Dodd, 1990), along their entire shafts. Individual axons from the same
Table 2. Quantification of the Behavior of Commissural Axons upon Floor-Plate Contact
% being % avoidance
Condition n % entering % stalling deflected (total)
Control 38 96.1 6 0.7 2.5 6 0.6 1.3 6 0.4 3.9 6 0.7
Anti-NgCAM 6 82.9 6 9.8 5.9 6 3.3 11.2 6 7.2 17.1 6 9.8
Anti-NrCAM 10 3.3 6 1.7 58.5 6 6.3 38.2 6 5.9 96.7 6 1.7
Anti-axonin-1 49 5.8 6 1.0 64.5 6 3.0 29.7 6 2.8 94.2 6 1.0
Axonin-1 9 6.3 6 2.3 75.1 6 2.9 18.6 6 4.1 93.7 6 2.3
The table summarizes the percentage of axons readily entering the floor-plate explants or avoiding them upon contact. The percentage of
axons that either stalled upon floor-plate contact or that deflected and grew around the explants are given separately. The last column, %
of total avoidance, combines both of these values. Percentages are given with standard errors of the means. n indicates the number of
explants included in the quantification.
The Floor Plate Is Inhibitory in Absence of Axonin-1/NrCAM
213
Figure 4. In Control Cultures, Commissural Axons Rapidly Enter the
Floor-Plate Explants upon Contact
Within minutes of initial contact between a filopodium and a floor-
plate cell, the growth cone grew onto the floor-plate cell surface.
In the sequence shown here, the initial contact (at time 0’) was
stabilized within 4–5 minutes. After 22’, the growth cone was growing
on the floor-plate cell surface. Numbers in the upper left corner of
each frame represent minutes after first contact (negative numbers
represent time before contact). The arrowhead in the frame labeled
0’ marks the contact site of the filopodium with the floor-plate cell
in the upper right corner. The arrowhead in the frame taken after
38’ marks the axon extending across a floor-plate cell. The growth
cones cannot be visualized clearly with video resolution once they
have entered the floor plate. The view field was left unchanged
throughout the observation period.
Figure 3. Growth Cones Stall and Pile Up at the Ipsilateral Border
under Conditions, Which Were Found to Induce Pathfinding Errors
In Vivo visible. In control cultures, we did not observe any case
of obvious growth-cone collapse or long pauses priorIn embryos injected in ovo with purified soluble axonin-1, anti-axo-
nin-1, or anti-NrCAM, respectively, axons often were found to stall to entry into the floor plate.
and pile up at the ipsilateral floor-plate border or to turn erroneously We also observed that the floor-plate cells could par-
on the ipsilateral border. The open-book preparation of an embryo ticipate actively in initiating thecontact with thecommis-
that was repeatedly injected with axonin-1 and sacrificed at stage
sural axons. Individual cells from the floor-plate explant25 shows numerous growth cones lined up at the ipsilateral floor-
were observed to extend long, motile processes andplate border (a). This is not observed in control embryos. The width
appeared to be actively searching the environment. If aof the floor plate is indicated by the two vertical lines at the top of
the panel. In the focal plane shown, no ipsilateral turns are found, contact with a commissural axon was established, the
which makes it easier to see the stalled growth cones piled up at process was retracted and the growth cone was ‘pulled’
the ipsilateral border (arrows). into the floor-plate explant. In some cases, floor-plate
b) Commissural growth cones cultured on a laminin substratum tend
cells were even found to temporarily give up contactto be filopodial in shape. In addition to the long filopodia extending
with the rest of the floor-plate explant and migrate awayfrom the growth cones, commissural axons produced long lateral
from it. Following contact with a commissural growthfilopodia along their entire shaft. Scale bar: 50 mm.
cone, such cells were often observed to migrate back
and become reincorporated into the floor-plate explant,
pulling the axon with them.explant remained in contact with each other by these
lateral extensions. In control cultures, these made
strong adhesive contacts as they were often observed Anti-Axonin-1 Antibodies Induce a Collapse
of Commissural Growth Cones uponto pull the axon shafts together. These lateral contacts
could contribute to the bundling of commissural axons Filopodial Contact with the
Floor-Plate Explantobserved in vivo as they grow toward the floor plate.
In control cultures, growth cones were found to grow If anti-axonin-1 antibodies were addedto thecocultures,
commissural axons were prevented from entering therapidly into floor-plate explants after first contact. As in
the time-lapse sequence shown in Figure 4, contact floor-plate explants. Time-lapse recording revealed that
growth cones collapsed after their filopodia made con-with the floor-plate explant was always initiated by a
filopodium. This initial contact was stabilized fairly rap- tact with the floor plate. In contrast to control cultures,
filopodial contacts were never stabilized in the presenceidly by a thickening of the filopodium, followed by entry
of the growth-cone body into the floor-plate explant of anti-axonin-1 antibodies. Instead, as shown in Figure
5 (09–189), filopodia were retracted rapidly after touchingwithin 2.5–33 min (n 5 15), where it was no longer easily
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Figure 5. Anti-Axonin-1 Antibodies Induce
the Collapse of Commissural Growth Cones
upon Contact with the Floor Plate
In contrast to controlcultures, initial filopodial
contacts were not stabilized in the presence
of anti-axonin-1 antibodies. Therefore, the
time between first filopodial contact (0’) and
the time when the growth-cone body (639)
was in contact with the floor plate was much
longer. For instance, the filopodium touching
the floor-plate cell at 09 was retracted at 109,
and another filopodiumtransiently made con-
tact with the floor-plate cell at 189. Such a
contact was eventually maintained for a few
minutes, resulting in a partial (399) or full col-
lapse of the growth cone. A full collapse of
the same growth cone is shown at 1549, fol-
lowed by the retraction of the axons at 1629.
Note that the last frame is shifted with respect
to the others, the diamond marking the same
position in the last two frames. Before the
growth cone collapsed fully and the neurite
retracted as a result of a more intense floor
plate contact, several partial collapses with-
out neurite retraction were observed. One ex-
ample is shown in frames 369 and 399. After
partial collapse, the growth cone recovered
within a few minutes (41.59) and resumed its
exploratory function. Recovery from a full col-
lapse usually took longer. Arrowheads mark
filopodial contacts with the floor plate,
whereas arrows point to collapsed growth
cones.
a floor-plate cell. Often, filopodial contact caused a par- contact in all growth cones, which were analyzed in the
presence of anti-axonin-1 antibodies (n 5 11).tial collapse of the growth cone (see Figure 5, 369–399).
Eventually, full collapse of growth cones with partial
retractions of the axons was observed (shown later in Anti-NrCAM Antibodies Prevent Commissural
Growth Cones from Entering the Floor-Platethe same sequence from 559 onward). Following contact
at 559, the portion of the growth cone in contact with Explants, but Do Not Induce Their Collapse
Although the addition of anti-NrCAM antibodies alsothe floor plate was relatively nonmotile, while another
branch of the growth cone continued to extend long prevented the commissural axons from entering the
floor plate, the detailedcellular mechanism differed fromfilopodia (1169). Even this branch eventually collapsed
(1549), and the whole axon retracted.Following collapse, that seen in the presence of anti-axonin-1 antibodies. In
general, growth cones were found to stallupon filopodialgrowth cones recovered their motility and often con-
tacted the floor plate again. In one experiment, a growth contact with floor-plate cells. The growth cones con-
stantly retracted old and extended new filopodia; how-cone was observed to fully collapse three times upon
succesive contact with the floor-plate explant over a ever, collapse of the growth cones was not observed.
Instead, the growth cones continued to actively exploreperiod of 24 hr. After recovery from the third collapse,
the growth cone turned. In this case, the contact of the the floor-plate cells with several filopodia, but failed to
grow into the floor-plate explant (Figure 6). They ap-growth cone and the floor plate was mediated by a
lateral filopodium only. Consistent with the observations peared to walk along the floor-plate border, but they
never actually entered the explant. Thus, although thereported by Fan and Raper (1995), a partial collapse of
the growth cone followed by a turning response was end result was thesame, namely, failure to enterthe floor
plate, interfering with axonin-1 and NrCAM producedobserved in this case, rather than a full growth-cone
collapse. Growth-cone collapse, as described above, differences in the detailed behavior of the growth cones
upon floor-plate contact (see Discussion).was observed between 4 and 50 min after filopodial
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Figure 6. The Presence of Anti-NrCAM Antibodies Did Not Induce the Collapse of Commissural Growth Cones
In the presence of anti-NrCAM antibodies, no stable filopodial contacts were established. The growth cones remained actively searching the
floor-plate surface with their filopodia, but never succeeded in growing onto the floor-plate cells. In contrast to the addition of anti-axonin-1
antibodies, anti-NrCAM antibodies never induced the collapse of commissural growth cones. Arrowheads mark filopodial contacts with the
floor-plate cells. The field of view was constant during the observation period of 11 hr.
Anti-NgCAM Antibodies Have No Effect on commissural growth cones was not crucial for the entry
of commissural growth cones into the floor plate. InInteractions between Commissural Growth
Cones and Floor-Plate Explants accordance with these results, the addition of anti-
NgCAM antibodies to the culture medium did not pre-Although the injection of anti-NgCAM into the spinal
cord of chicken embryos in ovo caused the commissural vent commissural growth cones from entering floor-
plate explants. After 18–22 hr in culture, thecommissuralaxons to grow in a defasciculated manner (Stoeckli and
Landmesser, 1995), it did not result in pathfinding errors. axons growing in the presence of anti-NgCAM were
indistinguishable from control cultures. This was alsoTherefore, we concluded that NgCAM expressed on the
Neuron
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confirmed the hypothesis that interactions mediated byTable 3. Proportion of Pathfinding Errors
axonin-1 and NrCAM were required for the normal be-
Proportion of embryos showing
havior of growth cones upon contacting the floor plate.different levels of pathfinding errors
In control cultures, commissural axons were strongly
Treatment ,1% 1–20% .20% attracted toward the floor-plate explants, and readily
entered them. When axonin-1 or NrCAM interactionsSoluble axonin-1 0/8 2/8 6/8
Anti-axonin-1 0/8 4/8 4/8 were perturbed by the addition of soluble axonin-1 or
Anti-NrCAM 1/7 3/7 3/7 antibodies against axonin-1 or NrCAM, respectively,
Sol. ax-1/anti-NrCAM 0/5 2/5 3/5 commissural axons did not enter floor-plate explants,
Anti-ax-1/anti-NrCAM 0/7 5/7 2/7
although they were still attracted toward them (Table
1). In these cases, they either stalled on the laminin
substratum and piled up at the border of the floor-plate
explant, or avoided the explants by growing aroundtrue for the time-lapse sequences, in which growth-cone
them.behavior was indistinguishable from controls (data not
These observations lend support toone of the hypoth-shown).
eses that we had previously proposed for the in vivo
guidance of commissural growth cones (Stoeckli andSimultaneous Injections of Either Anti-NrCAM and
Landmesser, 1995). We had suggested that, due to inter-Anti-Axonin-1 or Anti-NrCAM and Soluble Axonin-1
actions mediated by axonin-1 and NrCAM, the floor plateDo Not Produce More In Vivo Pathfinding
would normally be more attractive to commissuralErrors than Soluble Axonin-1 Alone
growth cones than adjacent spinal cord regions. GrowthAxonin-1 and NrCAM were shown to interact with each
cones would thus enter the floor plate and cross theother directly when coupled to Covasphere beads (Suter
midline, but upon reaching the contralateral side ofet al., 1995). A direct heterophilic interaction between
the floor plate, they would turn to maintain contactaxonin-1 and NrCAM is consistent with the results of our
with the floor plate, rather than switch onto less at-in vivo study (Stoeckli and Landmesser, 1995). However,
tractive tissue. However, when the function of eitherinteractions between axonin-1 on the growth cones and
axonin-1 or NrCAM was blocked, the floor plate wouldadditional molecules on floor-plate cells could occur,
become more inhibitory than adjacent cord tissue; ax-as well as interactions of NrCAM on the floor plate with
ons would thus fail to cross the midline and would turnother molecules on commissural growth cones. In the
prematurely on the ipsilateral side of the cord. Our ob-previous in vivo study, interfering with a single molecule,
servations in culture clearly show that interfering witheither NrCAM or axonin-1, never caused .50% of the
either axonin-1 or NrCAM causes the floor plate to be-axons to fail to cross the floor plate. In an attempt to test
come inhibitory for commissural growth cones. In cul-for the involvement of additional heterophilic binding
ture, growth cones were found to take alternative pathspartners for axonin-1 and NrCAM in this system, we
around the explants, which would be analogous to our incarried out a new series of in vivo experiments. In ad-
vivo observations of commissural growth cones turning
dition to the injection of either soluble axonin-1, anti-
into the longitudinal axis along the ipsilateral floor-plate
axonin-1, or anti-NrCAM, we injected a combination of
border, rather than crossing the midline.
anti-NrCAM antibodies with soluble axonin-1 or anti-
The floor plate has been shown to be the source of
axonin-1 antibodies, respectively. If NrCAM was inter- inhibitory cues in other species as well. For example, in
acting predominately with a different binding partner zebrafish, the absence of a floor plate allows axons that
on the growth cone, or axonin-1 with another binding are normally constrained to the ipsilateral side to cross
partner on the floor plate, blocking the interactions me- the midline (Hatta, 1992). In Drosophila, several genes
diated by both NrCAM and axonin-1 would be expected have been identified that affect guidance at the midline.
to result in increased pathfinding errors. However, the Furthermore, the behavior of axons in these mutants
‘double injections’ did not result in an obvious increase suggests that guidance at the midline involves inhibitory
in the number of axons committing pathfinding errors as well as attractive signals (Seeger et al., 1993). In the
compared to the injection of soluble axonin-1 alone. In absence of the commissureless (comm) gene product, a
Table 3, embryos are divided into three classes ac- transmembrane protein produced by midline glial cells,
cording to the level of pathfinding errors found in open- commissural axons are unable to cross themidline, even
book preparations of their spinal cords (see Experimen- though they are attracted to it. In the comm mutants,
tal Procedures and Stoeckli and Landmesser, 1995, for the midline cells appear to be inhibitory (Tear et al.,
additional details). 1996). The existence of midline-inhibitory signals can
also be inferred by the behavior of axons when the
Discussion roundabout (robo) gene product is mutated. In this case,
axons that would normally be repelled by the midline
The Ability of Commissural Growth Cones to Enter are now able to cross (Seeger et al., 1993). Thus, robo
the Floor Plate Critically Depends would appear to encode either an inhibitory midline mol-
on Axonin-1 and NrCAM ecule or its receptor. Normally, this inhibitory signal can
To test the hypothesis that axonin-1 and NrCAM are be overcome by a positive signal derived from comm.
important in mediating interactions between commis- Thus, while not molecularly homologous, NrCAM and
sural growth cones and the floor plate (Stoeckli and axonin-1 in the chick and comm and its neuronal ligand
Landmesser, 1995), we studied such encounters in a in Drosophila would both appear to play a similar role
of overriding a midline repulsive signal.two-dimensional culture system. These observations
The Floor Plate Is Inhibitory in Absence of Axonin-1/NrCAM
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Usingconfocal microscopy, Myersand Bastiani (1993) and NrCAM interactions, since they cannot fall back on
a redundant set of guidance cues. Finally, it should bedescribed the behavior of the Q1 growth cone at the
grasshopper midline in vivo. They observed stalling and noted that the laminin substratum used for our cocul-
tures is not the usual substratum for most commissuralretraction of this particular growth cone upon contact
with the midline in about 50% of the cases, indicating neurites in vivo, even though the first commissural axons
extend along the spinal cord margin in contact with thethat the midline contained an inhibitory cue. However,
in the other cases, the growth cones did not retract, but basal lamina containing laminin (Shiga and Oppenheim,
1991). It is possible that the use of laminin as a substra-actually accelerated. This behavior was explained by
the ability of the Q1 growth cone to contact the Q1 tum altered the expression of some CAMs on the com-
missural growth cones. For instance, it has been showngrowth cone from the opposite side, and thereby the
repulsive signal from the midline was overcome. Al- that the expression of NrCAM on retinal ganglion cell
axons is substratum dependent (de la Rosa et al., 1990),though differing in detail from our observations in the
chick, this study also clearly shows that the pathfinding and the substratum has also been shown to alter the
distribution of CAMs on the growth cones of culturedof commissural growth cones across the midline de-
pends on a balance of positive and negative signals. In DRG neurons (Stoeckli et al., 1996). When grown on
either an NgCAM or an axonin-1 substratum, there wasthe chick, both the positive and negative signals are
derived from interactions between molecules on com- a rapid redistribution of axonin-1 and NgCAM to the
substratum-facing membrane of the growth cone. Thismissural growth cones and the floor-plate surface, while
in the grasshopper, the Q1 growth cone requires a posi- did not occur on a laminin substratum (Stoeckli et al.,
1996). Therefore, the use of a laminin substratum in vitro,tive cue from its contralateral homolog to override the
negative cues from the midline. as opposed to the much more complex ‘substratum’
provided to commissural axons in vivo, could result inIn our cocultures, the inhibitory effect of the floor plate
in the absence of axonin-1 and NrCAM interactions was differences in their behavior.
With the tools currently available, we cannot identifyvery strong (close to 100%). The same polyclonal anti-
bodies and purified soluble axonin-1, when used in our which of the possibilities noted above actually accounts
for the quantitativedifferences observed incommissuralin vivo experiments, never caused more than about 50%
of the commissural axons to commit pathfinding errors, axon behavior following perturbation of growth cone–
floor plate interactions in vivo and in vitro. However, thenamely, failing to cross the floor plate and turning erron-
eously along the ipsilateral floor-plate border (Stoeckli in vitro studies clearly support our hypothesis that in
the absence of axonin-1 or NrCAM interactions, theand Landmesser, 1995; present study). There are several
possible explanations for this discrepancy. First, al- floor-plate cells become less attractive, or even inhibi-
tory, for commissural growth cones. As a consequence,though the injections in ovo were repeated every 8 hr,
fluctuations in antibody concentrations most likely oc- pathfinding errors would occur in vivo because the
growth cones would stall at the ipsilateral floor-platecurred in the spinal cord owing to diffusion of the in-
jected protein. Therefore, it is plausible that the concen- border, where they would respond prematurely to guid-
ance cues directing them to turn into the longitudinaltrations were not sufficient at all times during the
development of the commissural pathway to prevent all axis.
growth cones from interacting with the floor plate. In
contrast, in vitro, a constant concentration of antibodies
Antibodies Against Axonin-1 and NrCAM Perturbwas present in the medium throughout the entire culture
the Growth Cone–Floor Plate Interactionsperiod. Second, we cannot exclude the possibility that
by Different Mechanismsonly a subpopulation of commissural neurons is sensi-
Interestingly, we observed that commissural growthtive to perturbations of axonin-1 and NrCAM interac-
cones behaved differently upon floor-plate contact intions. Although we consider it very unlikely (see Experi-
the presence of anti-axonin-1 as compared to anti-mental Procedures for a detailed explanation), it is
NrCAM. This would not be expected if the only positiveformally possible that only these commissural neurons
signal causing growth cones to enter the floor plateextend axons in vitro. Likewise, it is possible that the in
was a direct transinteraction between axonin-1 on thevivo perturbations actually induced pathfinding errors
growth cone and NrCAM on the floor plate, since eitherin all neurons belonging to this class, which would repre-
anti-axonin-1 or anti-NrCAM would perturb this equally.sent approximately 50% of commissural neurons. The
Taken in isolation, this finding might thus suggest thatremaining 50% of the axons, which did not turn ipsilater-
axonin-1 and NrCAM do not interact directly during com-ally but managed to cross the midline and turn along the
missural axon growth across the floor plate. However,contralateral floor-plate border, would do so by using
several pieces of evidence suggest a direct axonin-1–guidance cues other than axonin-1 and NrCAM. While
NrCAM interaction. First, axonin-1 and NrCAM havethis explanation is formally possible, there is no evi-
been shown to bind to each other in vitro when coupleddence for subpopulations of commissural axons that
to polystyrene beads (Suter et al., 1995). Second, thewould be differentially sensitive to axonin-1–NrCAM in-
injection of soluble axonin-1 into the chicken spinal cordteractions. For example, all axons express axonin-1 and
in ovo induced the highest rate of pathfinding errors,NgCAM.
presumably by binding to floor-plate NrCAM and there-Another possibility is that floor-plate cells and/or com-
fore by competing for binding sites with growth-conemissural neurons in culture do not express their full
proteins. Since the concomitant injection of soluble axo-set of recognition molecules/guidance cues. They might
then be more susceptible to perturbation of axonin-1 nin-1 and anti-NrCAM antibodies did not increase the
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number of fibers committing pathfinding errors above in the Drosophila nervous system (Seeger et al., 1993;
Tear et al., 1996), also seems to be required for thethe effect of axonin-1 alone, both soluble axonin-1 and
the injected antibodies must be affecting the same mo- guidance of commissural axons across the floor plate
in chicken embryos. Further in vivo and in vitro studieslecular interactions: interactions between growth-cone
axonin-1 and floor-plate NrCAM. will be required to identify the repellent forces as well as
the additional postulated binding partner for axonin-1.So how can the difference in growth-cone behavior
in the presence of anti-axonin-1 versus anti-NrCAM anti-
bodies be explained? Several scenarios are possible. Experimental Procedures
The basic feature of growth-cone guidance across the
Cocultures of Commissural Neurons and Floor-Plate Explantsfloor plate in the chick as well as in Drosophila (Seeger
Cultures were grown on 8-well LabTek glass slides (Nunc, Naper-et al., 1993; Tear et al., 1996) seems to be a balance
ville, IL) or on glass coverslips if they were used for video micros-
between positive (attractive) and negative (repellent) copy. The glass was coated with 0.2 mg/ml poly-ornithine (Sigma,
signals. In the chick, axonin-1 and NrCAM interactions St. Louis) and 12.5 mg/ml laminin (GIBCO, Gaithersburg, MD). We
used a chemically defined, serum-free medium consisting of DME/contribute to the positive signals. If these interactions
F12 (Sigma) supplemented with 5 mg/ml Albumax I (GIBCO), 100are perturbed, the collapse-inducing, negative signal is
mg/ml transferrin, 10 mg/ml insulin, 20 ng/ml triiodothyronine, 40 nMunmasked and dominates the behavior of the growth
progesterone, 200 ng/ml corticosterone, 200 mM putrescine, 60 nMcones upon floor-plate contact. We would further postu-
sodium selenite, 1 mM sodium pyruvate, 2 mM glutamine, and Pen-
late that in the presence of anti-axonin-1, the repulsive, Strep (all from Sigma).
collapse-inducing effect of floor plate would be domi- Floor-plate explants were obtained from whole-mount (open-
book) preparations of embryonic chick spinal cords. We routinelynant, whereas in the presence of anti-NrCAM antibodies
used spinal cords from stages 251⁄2–261⁄2. The whole mounts werethe repulsive effect would be milder, preventing the
prepared as described earlier (Stoeckli and Landmesser, 1995). Thecommissural growth cones from entering the floor plate,
floor-plate explants were collected with a micropipette, which wasbut not strong enough to induce their collapse. Since
pressed against the center of the floor plate. By applying slight
the perturbation of axonin-1 interactions had a stronger suction, pieces of floor-plate tissue were cut out. With this method,
effect on growth cones than the perturbation of NrCAM we minimized contamination of the floor-plate explants with adja-
cent tissue. We were particularly concerned about contaminationinteractions, additional binding partners are most likely
with motoneurons or PL cells, a population of neurons that extendcontributing to the resulting signal.
axons along the floor plate (Yaginuma et al., 1990). It was suggestedA simplified working model to explain pathfinding of
that commissural axons could be guided into the longitudinal axiscommissural axons across the floor plate is depicted in
by fasciculation with the PL neurites. We therefore discarded all
Figure 7. In a control situation, the floor plate is an floor-plate explants that contained neurite-producing cells. Unfortu-
attractive substratum for commissural axons. Positive nately, there are no unique markers that would unequivocally prove
that our explants consisted only of floor-plate cells. However, con-signals resulting from growth-cone axonin-1 interacting
sistent with the expression pattern in vivo (Shiga et al., 1990; Shigawith NrCAM and additional unidentified floor-plate pro-
and Oppenheim, 1991; Stoeckli and Landmesser, 1995), we nevertein(s) cause theaxons to grow into the floor plate. These
found expression of axonin-1 or NgCAM in our floor-plate explants.positive signals would mask a latent collapse-inducing
Both proteins have been described on PL cells (Shiga and Oppen-
(negative) activity present on the floor-plate cells. In the heim, 1991).
presence of anti-axonin-1, thecollapse-inducing activity To identify the explants in the cocultures, we labeled floor-plate
explants with 5-(and 6-)carboxy-29, 79-dichlorofluorescein diacetatewould come to dominate, since both the positive signals
succinimidyl ester (CFSE, C-1165; Molecular Probes, Eugene, OR).overriding this negative signal would be eliminated. In
For this purpose, spinal cords were incubated for 30 min in a 20contrast, anti-NrCAM would only block direct axonin-
mM solution of CFSE in PBS before floor-plate explants were pre-1–NrCAM interactions, but would not interfere with the
pared. The explants were transferred into the LabTek wells or into
interaction of axonin-1 with the postulated additional the culture dishes containing the cover slips. After 2 to 3 hr, the
positive guidance molecule(s) on the floor plate. Thus, explants of commissural neurons were positioned 150–400 mm away
from the floor-plate explants. The explants containing the commis-the collapse-inducing activity of the floor plate would
sural neurons were punched out from transverse vibratome sectionspartially be overcome, and while growth cones would
of the lumbosacral level of the spinal cord using the same methodnot find the floor plate sufficiently attractive to enter,
as described for the floor-plate explants.they would not be induced to collapse.
The commissural explants were taken from embryos between
stages 20 and 21. The neurons were dissected before they had
established contact with the floor plate in vivo, and thus the axons
Conclusion grown in culture were for the most part the first axons initiated by
the commissural neurons, and not regenerating axons. Furthermore,The guidance of commissural axons across the midline
by using explants from stage 20–21 spinal cords, we avoided ipsilat-depends critically on the appropriate interaction of their
erally projecting neurons in our explants, which could have inter-growth cones with the floor plate. The interaction of
fered with the observation of commissural axons. At the lumbosacralaxonin-1 on commissural growth cones with NrCAM and
level of the embryonic chick spinal cord, associational neurons do
probably at least one additional heterophilic binding not develop before stage 26. In addition, in none of the hundreds
partner on the floor plate normally overrides a collapse- of injections of DiI into the regions of control embyros (Stoeckli and
Landmesser, 1995; present study), from which the ‘commissural’inducing signal from the floor plate. A perturbation of
explants were removed, did we observe any ipsilaterally projectingthe interactions of axonin-1 or NrCAM shifts the balance
DiI-labeled fibers. Finally, the fact that .96% of the ‘commissural’of positive and negative cues and thus prevents the
axons in control cultures were attracted at a distance, presumablycommissural growth cones from establishing stable
in response to floor plate–generated chemoattractants, and subse-
contacts with the floor plate. Therefore, the proper bal- quently entered the floor plate, strongly suggests that these would
ance between positive and negative signals provided be commissural neurons in vivo. The fact that following the perturba-
tion of axonin-1 or NrCAM interactions the same high proportion ofby the midline, as hypothesized for accurate pathfinding
The Floor Plate Is Inhibitory in Absence of Axonin-1/NrCAM
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Figure 7. The Perturbation of Axonin-1 and
NrCAM Interactions Rendered the Floor Plate
Less Attractive for Commissural Growth
Conesand Therefore Interfered with Their Ap-
propriate Guidance Across the Midline
Consistent with our observations in vitro, the
perturbations of axonin-1 and NrCAM inter-
actions were likely to have induced pathfind-
ing errors in vivo, because they prevented
the appropriate positive interaction of growth
cones with the floor plate. According to our
hypothesis, growth cones that are prevented
from entering the floor plate and therefore
stall at the ipsilateral border respond prema-
turely to the guidance cue(s) directing them
into the longitudinal axis by turning along the
ipsilateral instead of the contralateral border
of the floor plate. A simple molecular model
consistent with our results from both the in
vivo and the in vitro experiments is shown in
the absence (control) and in the presence of
anti-axonin-1 and anti-NrCAM antibodies.
The interaction between the commissural
growth cones and the floor plate would be
determined by a balance between positive
and negative guidance cues. In a control em-
bryo, the commissural axons enter the floor
plate, since this balance is positive. The
strongly positive interactions between axo-
nin-1 and NrCAM and axonin-1 and an as
yet unidentified molecule x normally mask the
negative, collapse-inducing signal present on
the floor plate. However, if interactions of ax-
onin-1 or NrCAM are perturbed, the balance
is shifted toward more negative signals, re-
sulting in the inability of growth cones to enter
the floor plate. Since antibodies against axo-
nin-1 and NrCAM would interfere differently
with the interactions of axonin-1, NrCAM, and
their additional binding partners, the resulting
balance of positive and negative signals is different following perturbation of either axonin-1 or NrCAM. Accordingly, growth cones react
differently upon floor-plate contact in the presence of anti-axonin-1 or anti-NrCAM antibodies (see text for details). In the presence of anti-
axonin-1, both interactions that contribute positive signals are eliminated. The resulting negative signal results in the collapse of commissural
growth cones upon contact with floor-plate cells. If anti-NrCAM antibodies are added to the medium, only one positive signal is eliminated,
resulting in a neutralization of the negative, collapse-inducing signal. However, in the absence of a net positive signal, growth cones are not
able to grow into the floor plate. Abbreviations: ax-1 for axonin-1; coll. rec. for receptor(s) for the collapse-inducing molecule(s); coll. for
collapse-inducing activity.
axons were attracted up to the floor-plate explant, but then failed PBS and mounted in 80% glycerol–PBS containing 0.1% p-phenyl-
enediamine (Sigma). Antibodies used were: goat anti-axonin-1to enter, strongly suggests that these are also ‘commissural’ and
not ‘associational’ neurons that normally might be repelled by the (Stoeckli et al., 1991), rabbit anti-NgCAM (Landmesser et al., 1988),
rabbit anti-NrCAM (Stoeckli and Landmesser, 1995), and the anti-floor plate.
Where indicated, soluble axonin-1 (300–400 mg/ml), Fab or IgG neurofilament antibodies RMO270 (Zymed, South San Francisco)
and 1E9 (L. L.). The secondary antibodies were purchased fromfrom goat anti-axonin-1 antiserum (250 or 500 mg/ml), rabbit anti-
NgCAM (250 mg/ml), or rabbit anti-NrCAM (250 mg/ml) were added Sigma: rabbit anti-goat IgG-TRITC, goat anti-rabbit IgG-FITC and
-TRITC, and goat anti-mouse IgM-FITC. Goat anti-mouse IgG-to the culture medium 30 min after plating the commissural explants.
The addition of antibodies to the culture medium did not change TRITC, goat anti-mouse IgM-TRITC, and rabbit anti-mouse IgG-
FITC were from Zymed.the commissural axons’ attraction toward the floor plate or their
morphology.
Quantification of Neurite Growth in the Presence
and Absence of Floor-Plate ExplantsStaining of Cultured Explants
The cultures were fixed after 18–22 hr in 2% paraformaldehyde, To test whether the two-dimensional culture system was able to
mimick the chemoattractive effect of the floor plate on the commis-which was added directly to the culture medium as a concentrated
solution prepared in 50 mM sodium cacodylate (pH 7.0). Fixation sural axons, which was described earlier by M. Tessier-Lavigne et
al. (1988) for the three-dimensional collagen gel system, we calcu-was at 378C for 1 hr. The cultures were rinsed with PBS, incubated
in 10% fetal bovine serum (FBS) in PBS to block unspecific antibody lated the proportion of commissural axons extending toward the
floor-plate explants. Micrographs of these explants were overlayedbinding, and then incubated over night at 48C in the primary antibody
solution. Antibodies were used as hybridoma supernatants or puri- with two perpendicular lines creating four quadrants. The number
of neurites in the quadrant facing the floor-plate explant were calcu-fied IgG diluted in 10% FBS–PBS. After rinsing and blocking again,
the cultures were incubated with the secondary antibodies diluted lated as a proportion of the neurites found in all four quadrants.
These values in the absence and presence of antibodies or solublein 10% FBS in PBS at 48C for 3–4 hr. The cells were rinsed with
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axonin-1 are given in Table 1. As a control, commissural explants with immunoglobulin- and fibronectin type III-related domains in
vertebrates: structural features, binding activities, and signal trans-in the absence of floor-plate explants, or cocultured with spinal cord
explants other than floor plate, were included in the quantitation. duction. J. Neurochem. 61, 1207–1219.
The number of neurites extending from the explants depended pri- Burden-Gulley, S.M., and Lemmon, V. (1995). Ig superfamily adhe-
marily on the size of the explant. The average number of axons per sion molecules in the vertebrate nervous system: binding partners
explant in control cultures was 38 (616). The average number of and signal transduction during axon growth. Sem. Dev. Biol. 6,
axons extending from an explant in the presence of antibodies was 79–87.
34 (613) and 43 (616) in the presence of soluble axonin-1, respec-
Colamarino, S.A., and Tessier-Lavigne, M. (1995). The role of thetively.
floor plate in axon guidance. Annu. Rev. Neurosci. 18, 497–529.
de la Rosa, E.J., Kayyem, J.F., Roman, J.M., Stierhof, Y.-D., Dreyer,Quantification of Neurite Growth into the Floor Plate
W.J., and Schwarz, U. (1990). Topologically restricted appearancein the Presence and Absence of Antibodies
in thedeveloping chick retinotectal systemof Bravo, a neural surfaceand Soluble Axonin-1
protein: experimental modulation by environmental cues. J. CellFor the quantitation of axon behavior, we counted the number of
Biol. 111, 3087–3096.axons entering the floor-plate explant, or stalling at the floor-plate
explant border, or the number of axons growing around the floor- Ebendal, T., and Jacobson, C.O. (1977). Tissue explants affecting
plate explant (being deflected). These numbers are given as the extension and orientation of axons in cultured chick embryo ganglia.
percentage of all axons leaving the commissural explant in Table Exp. Cell Res. 105, 379–387.
2. As noted above, the number of axons varied with the size of the Fan, J., and Raper, J.A. (1995). Localized collapsing cues can steer
explant, but was not altered by the addition of antibodies or soluble growth cones without inducing their full collapse. Neuron 14,
axonin-1. The presence of anti-axonin-1 or anti-NrCAM did, how- 263–274.
ever, have a strong effect on the proportion of axons actually enter-
Goodman, C.S. (1996). Mechanisms and molecules that controling the floor-plate explants.
growth cone guidance. Annu. Rev. Neurosci. 19, 341–377.
Goodman, C.S., and Shatz, C.J. (1993). Developmental mechanismsTime-Lapse Video Microscopy
that generate precise patterns of neuronal connectivity. Neuron 10,Cultures used for time-lapse video microscopy were grown in the
77–98.tissue-culture incubator for 6–8 hr. At this time, when the first growth
cones were extending from the commissural explants, an appro- Hatta, K. (1992). Role of the floor plate in axonal patterning in the
priate explant pair was chosen and the culture dish was transferred zebrafish CNS. Neuron 9, 629–642.
to a heated microscope stage. To prevent evaporation of the me- Landmesser, L., Dahm, L., Schultz, K., and Rutishauser, U. (1988).
dium, the culture was covered with a thin layer of mineral oil. The Distinct roles for adhesion molecules during innervation of embry-
growth cones were videotaped using a 203 objective on a Nikon onic chick muscle. Dev. Biol. 130, 645–670.
Diaphot microscope. We captured one frame every 6 s using a
Lumsden, A.G.S., and Davies, A.M. (1983). Earliest sensory nerveToshiba Time-Lapse Video Recorder attached to an Argus-10 from
fibres are guided to peripheral targets by attractants other thanHamamatsu (Hamamatsu Photonics, Bridgewater, NJ). After 24–30
nerve growth factor. Nature 306, 786–788.hr, the taping was stopped because by this time nonneuronal cells
Myers, P.Z., and Bastiani, M.J. (1993). Cell–cell interactions duringusually had migrated from the explants far enough to fill the view
the migration of an identified commissural growth cone in the embry-field or interfere with the growth cone–floor plate contact.
onic grasshopper. J. Neurosci. 13, 115–126.
In Vivo Injections of Axonin-1, Anti-Axonin-1, Placzek, M., Tessier-Lavigne, M., Jessell, T., and Dodd, J. (1990).
and Anti-NrCAM Antibodies Orientation of commissural axons in vitro in response to a floor
The injections of soluble axonin-1 and antibodies against axonin-1 plate-derived chemoattractant. Development 110, 19–30.
or NrCAM were injected into the embryonic chick spinal cord in Rathjen, F.G. (1991). Neural cell contact and axonal growth. Curr.
ovo, as described in Stoeckli and Landmesser (1995). However, in Opin. Cell Biol. 3, 992–1000.
addition to the separate injection of either the purified protein axo-
Rathjen, F.G., and Jessell, T.M. (1991). Glycoproteins that regulatenin-1 or antibodies against axonin-1 or NrCAM, respectively, we
the growth and guidance of vertebrate axons: domains and dynam-mixed axonin-1 and anti-NrCAM or the two types of antibodies
ics of the immunoglobulin/fibronectin type III subfamily. Sem. Neu-before injection to test for an additive effect of axonin-1 and NrCAM
rosci. 3, 297–307.in the pathfinding of commissural neurites. Embryos were injected
Seeger, M., Tear, G., Ferres-Marco, D., and Goodman, C.S. (1993).4 times every 8–9 hr before they were sacrificed at stage 25–251⁄2.
Mutations affectinggrowth cone guidance in Drosophila: genes nec-Whole-mount preparations in which commissural neurites had been
essary for guidance toward or away from the midline. Neuron 10,labeled by FastDiI (1,19-dilinoleyl- 3,3,39,39-tetramethylindocarbocy-
409–426.anine perchlorate obtained from Molecular Probes) injected into the
area of their cell bodies were analyzed for pathfinding errors as Serafini, T., Kennedy, T.E., Galko, M.J., Mirzayan, C., Jessell, T.M.,
described earlier (Stoeckli and Landmesser, 1995). Embryos were and Tessier-Lavigne, M. (1994). The netrins define a family of axon
divided into three classes according to the proportions of fibers outgrowth-promoting proteins homologous to C. elegans UNC-6.
estimated to have failed crossing the floor plate: ,1%, 1%–20%, Cell 78, 409–424.
and .20% (see Stoeckli and Landmesser, 1995, for more details).
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